The factors influencing how soil nitrite (NO 2 − )-and ammonia (NH 3 )-oxidizing activities remain coupled are unknown. A short-term study (<48 h) was conducted to examine the dynamics of NO 2 − -oxidizing activity and the accumulation of NO 2 − in three Oregon soils stimulated by the addition of 1 mM NH 4 + in soil slurry. Nitrite initially accumulated in all three soils; its subsequent decline or slowing of the accumulation of the NO 2 − pool by 24 h was accompanied by an increase in the size of the nitrate (NO 3 − ) pool, indicating a change in NO 2 − oxidation kinetics. Bacterial protein synthesis inhibitors prevented the NO 2 − pool decline, resulting in a larger accumulation in all three soils. Although no significant increases in NO 2 − -oxidizing bacteria nxrA (Nitrobacter) and nxrB (Nitrospira) gene abundances were detected over the time course, maximum NO 2 − consumption rates increased 2-fold in the treatment without antibiotics compared to no change with antibiotics. No changes were observed in the apparent half saturation constant (K m ) values for NO 2 − consumption. This study demonstrates phenotypic flexibility among soil NO 2 − oxidizers, which can undergo protein synthesis-dependent increases in NO 2 − consumption rates to match NH 3 oxidation rates and recouple nitrification.
INTRODUCTION
Nitrification consists of the biological oxidation of ammonia (NH 3 ) to nitrite (NO 2 − ) that is carried out by NH 3 -oxidizing archaea (AOA) and bacteria (AOB), combined with the oxidation of NO 2 − to nitrate (NO 3 − ) carried out by phylogenetically diverse NO 2 − -oxidizing bacteria (NOB). In addition, the recently described process of comammox has been shown to carry out both steps of nitrification; however, no study has examined the potential for comammox to contribute to soil nitrification . Recent research into soil nitrification has focused on the factors that control AOA and AOB contributions to nitrification (Gubry-Rangin, Nicol and Prosser 2010; Taylor et al. 2012 Taylor et al. , 2013 Taylor et al. , 2016 Giguere et al. 2015 Giguere et al. , 2017 Lu, Bottomley and Myrold 2015; Gubry-Rangin et al. 2017) . Few studies have examined the factors controlling NOB contributions to soil nitrification. Furthermore, the literature on soil NOB has generally focused on the distribution and diversity of soil NOB populations (Freitag et al. 2005; Poly et al. 2008; Wertz, Poly and Le Roux 2008; Pester et al. 2014) , whereas few studies have directly measured soil NO 2 − oxidation rates or examined the response of NOB activity to situations where NH 3 oxidation is stimulated (Attard et al. 2010; Ke et al. 2013; Wang et al. 2015) . Although NH 3 oxidation is often thought of as the ratelimiting step in soil (Kowalchuk and Stephen 2001) , there are instances of NO 2 − accumulation in soil when NH 3 -oxidizing activity was stimulated (Müller, Stevens and Laughlin 2006; Giguere et al. 2017) and/or when NOB activity was negatively affected by urea-or anhydrous NH 3 -induced increase in soil pH (Chapman and Liebig 1952; Burns et al. 1995; Shen, Ran and Cao 2003; Venterea 2007; Maharjan and Venterea 2013; Ma, Shan and Yan 2015; Venterea et al. 2015) . To our knowledge, little is known about the influence of NO 2 − accumulation on NO 2 − oxidation rates or on NOB physiological regulation. The importance of this phenomenon lies in the observations from field and laboratory studies that NO 2 − accumulation in soils, associated with N fertilization, increases nitrifierdependent N 2 O production (Venterea 2007; Maharjan and Venterea 2013; Ma, Shan and Yan 2015; Venterea et al. 2015; Giguere et al. 2017) . Furthermore, our own work has shown that when the NO 2 − -oxidizing capacity of some Oregon soils was increased by adding Nitrobacter vulgaris, both NO 2 − accumulation and N 2 O production were prevented .
In that study, we reported evidence that during NH 3 oxidation, NO 2 − concentrations reached a maximum pool size after 9-24 h depending on the soil, and subsequently declined over time . 
METHODS AND MATERIALS

Study soils
Three locations in Oregon (Pendleton, Madras and Klamath Falls) were selected for this study, and the soil characteristics are described in detail elsewhere (Giguere et al. 2015) . At each location, four replicates of cropped and non-cropped soils were sampled from adjacent sites on the same soil series at Pendleton (Walla Walla silt loam), Madras (Madras loam) and Klamath (Fordney loamy fine sand). A preliminary survey showed that the noncropped soils accumulated NO 2 − after nitrification were stimulated with 1 mM NH 4 + additions as described elsewhere (Taylor et al. 2012; Giguere et al. 2015) .
Soil slurry assays and incubations to determine the effect of NH 4 + concentration on NO 2 − and NO 3 − accumulation A soil slurry design (15 ml water, 5 g soil) was employed using four technical replicates of composited field replicates and described in detail elsewhere . Briefly, 5 g of soil were suspended in 15 ml water, amended for each experiment and shaken on an orbital shaker at 200 rpm. Soil slurries were incubated in the absence or presence of 1 and 2 mM NH 4 Cl. Aliquots were taken at 9, 24 and 48 h, and NO 2 − and NO 3 − were measured colorimetrically as described by Giguere et al. (2017 Quantification of AOA amoA, AOB amoA, Nitrobacter-like nxrA, Nitrospira-like nxrB and per-cell activity calculations DNA was extracted from aliquots of soil slurries incubated in the presence of 1 mM NH 4 + for 0, 24 and 48 h, using a standard method described previously (Griffiths et al. 2000) . DNA standards were prepared from genomic DNA extracted from Nitrobacter winogradskyi (nxrA) and Nitrospira defluvii (nxrB). Primers and PCR conditions are listed in Table S1 (Supporting Information).
Statistics
Statistical analysis was performed using Statgraphics 17.1.12 (Warrenton, VA). Determinations of significant differences in NO 2 − , NO 3 − concentrations and gene abundances were performed using repeated measured analysis of variance. When Different lowercase letters represent differences in rates between the two NH4 + treatments at each time interval and within each soil. Rates are given as the mean with the standard deviation in parentheses.
Rates given as μmol NO2
soil interactions were detected, soils were analyzed independently. Non-linear regression analysis was performed using the Michaelis-Menten equation:
where v = the rate of reaction, V max = maximum rate of the reaction, K m = concentration of substrate that supports a rate of reaction that is one half of V max and [s] is the substrate (NO 2 − )
concentration. In the case of soils where non-constant variance was detected, inverse y-weighted regression analysis was used. Data given in text are mean ± standard deviation of the mean, and model parameters are given as mean ± standard error. Significant statistical differences were calculated from the mean and SE, with a statistical significance of P = 0.05. It should be noted that as this study was not conducted with either a pure protein or pure cultures of microorganisms, only apparent V max and K m values of the overall NO 2 − oxidation process were obtained.
RESULTS
Effects of NH 4
+ addition on the rates of nitrification and on accumulation of NO 2 − and NO 3
−
Rates of nitrification were significantly stimulated by the addition of 1 mM NH 4 + to Pendleton (4.7-fold, P < 0.001) and Madras (1.7 fold, P = 0.001) soils (P < 0.013), but not in the case of Klamath soil (P = 0.221) where the nitrification potential (0.19 ± 0.05 μmol g −1 d −1 ) was saturated by the background NH 4 + level and/or by N mineralization rates (Table 1) . Because soil-by-time interactions were detected for both NO 2 − + NO 3 − (P = 0.001) and NO 3 − only accumulations (P < 0.001), NH 4 + effects on NO 2 − and NO 3 − accumulations were analyzed independently for each soil. Nitrite accumulated in all soils in the presence and absence of supplemental NH 4 + and was stimulated by 1 mM NH 4 + by 4.6-fold in Pendleton soil over the 0-24 h interval (P < 0.001), 4-fold over the 0-24 h interval (P < 0.020) in Madras soil and while in Klamath soil there was no stimulation of NO 2 − accumulation by NH 4 + addition, the NO 2 − pool increased 1.3-fold (P = 0.012) between 0 and 24 h (Fig. 1) . A more refined time course of sampling showed that NO 2 − comprised the majority (60%-90%) of the NO 2 − plus NO 3 − that accumulated in the three soils after about 9 h of incubation (Fig. S1 , Supporting Information). In the case of Klamath soil, there was a significant decline in the proportion of accumulated NO 2 − between 9 and 24 h, whereas in Pendleton and Madras the proportion declined between 24 and 48 h. The significant declines in NO 2 − concentration coincided with significantly larger increases in the size of the NO 3 − pool (Fig. 1 ). Both NO 2 − and NO 3 − accumulations were completely inhibited by acetylene in each of the three soils (data not shown), confirming their dependence upon NH 3 oxidation. There were no significant differences in accumulation of NO 2 (Fig. 2) . Total rates of nitrification (NO 2 − + NO 3 − accumulation) were not significantly affected by the AB treatments over 48 h in the three soils (P > 0.07, Fig. 2C , F and I) indicating that NO 2 − production was unaffected by antibiotics. Nitrite accumulated to a significantly higher concentration in +AB than in -AB of all three soils. Statistical analysis revealed a soil-by-AB interaction on NO 2 − accumulation (P = 0.004), with Pendleton only . Different lowercase letters represent significant differences within each soil and within -AB treatment, and different uppercase letters represent differences within each soil and within +AB treatments. Asterisks represent significant differences between +AB and -AB treatments at a specific time point. Data given as mean and error bars represent standard deviation of the mean (n = 4).
requiring 9 h of incubation for accumulation to be higher in +AB than -AB (P = 0.005, Fig. 2A ), whereas Klamath required 24 h (P < 0.001, Fig. 2G ) and Madras required >24 h (P < 0.001; Fig. 2D ). Nitrate accumulated in the three soils ± AB but to a significantly higher level in -AB than in +AB. Again, soil-by-time interactions were detected (P < 0.001), indicating that NO 2 − accumulation in response to AB was different in the three soils. In Pendleton, NO 3 − concentrations were significantly higher (P < 0.002) in -AB than in +AB treatments by 24 h, whereas 48 h was required in Madras (P < 0.001) and Klamath (P < 0.008). Figure 3 shows that the rates of NO 3 − formation were 2-fold to 5-fold lower than the NH 4 + oxidation potentials in each of the three soils during the early (0-9 h) interval of incubation when the ratios of NO 2 − /NO 2 − + NO 3 − were at their highest (Fig. S1 , Supporting Information). Furthermore, that higher rates of NO 3 − formation (equivalent to the potential NH 4 + oxidation rates) developed in -AB during the 9-24 h incubation interval of Pendleton and Klamath soils, and during the 24-48 h interval in Madras soil. The responses of NO 2 − consumption rates to NO 2 − concentration, and estimates of kinetic parameters V max and apparent K m , were compared between pre-incubated soils (Fig. 4) and soils incubated for 24 h (Pendleton and Klamath) or 48 h (Madras) ± AB (Fig. 5) . Non-linear regression analysis of NO 2 − consumption by pre-incubated soils showed that the initial V max rates of NO 2 − consumption ranged ∼3-fold among the soils (Pendleton = 1.13 ± 0.08 μmol g −1 d −1 , Klamath = 1.14 ± 0.13 μmol NO 2 Fig. 4 ).
Apparent K m values ranged 4-fold to 5-fold, with Pendleton and Madras soils possessing similar K m values (34 ± 13 and 24 ± 6 μM NO 2 − , respectively; Fig. 4A and B) , whereas the K m of Klamath soil was substantially higher (151 ± 37 μM NO 2 − ; Fig. 4C ). Figure 5 shows that V max values for NO 2 − consumption significantly increased in the -AB treatment of Pendleton and of Klamath, whereas V max values in +AB were not significantly different from the initial pre-incubation values (P < 0.05). In the case of Madras soil, the rate in +AB decreased relative to the preincubated soil value (data not shown) likely due to the longer incubation interval of this soil. Antibiotic addition did not significantly affect K m values ( Fig. 5 ; P > 0.05).
Relationship between nitrifier functional gene abundances and NO 2 − accumulation
Despite the increases in V max measured after incubation -AB, no significant increases were detected in gene abundances of Nitrospira-like nxrB or Nitrobacter-like nxrA in the soils (Fig. S2 , Supporting Information). Furthermore, regression analysis revealed no strong relationship between the magnitude of the ratio of NOB functional gene abundances (nxrA + nxrB) relative to AOA + AOB amoA abundances and the maximum value of NO 2 − /NO 2 − plus NO 3 − ratio. There was an indication that the functional gene abundance ratio might play a role in the recovery of NO 2 − -oxidation capacity, however, because a neg- which was not evident at either 9 h (R 2 = 0.01, data not shown) or 48 h (R 2 = 0.23, data not shown).
DISCUSSION
To our knowledge, this study is the first to determine the kinetic response of soil NOB activity after NH 3 oxidation was stimulated by addition of exogenous NH for Nitrospira (Maixner et al. 2006; Nowka, Daims and Spieck 2015) and 25 to 58 μM for Nitrotoga (Nowka, Daims and Spieck 2015; Ishii et al. 2017) . Furthermore, a recent study determined a K m value (372 μM) for NO 2 − oxidation by the complete nitrifier, N. inopinata, a value similar to those of some Nitrobacter spp. (Kits et al. 2017) , and greater than any value obtained in this study. Given that NO 2 − accumulated in our soil slurry assays to 16-48 μM, the K m values quoted above suggest that NO 2 − accumulations of this magnitude are likely to be rate limiting for NOB activity, with the possible exception of Nitrospira. One caveat that should be pointed out is that our experiments were conducted in soil slurries, which could have artificially diluted soil NO 2 − relative to concentrations normally encountered in unsaturated whole soils. Nonetheless, when our soils were incubated at field capacity water content, and nitrification activity stimulated by supplementing with 10 μmol NH 4 + g −1 soil, NO 2 − accumulated to values ranging from 0.025 to 0.1 μmol g −1 soil (50-245 μM NO 2 − in soil solution), suggesting that NO 2 − accumulation is not simply an artifact of the soil slurry method. Other evidence exists in the literature suggesting that natural populations of NOB are growth responsive to NO 2 − at concentrations of similar magnitude to those found in this study. For example, estimates of NOB soil population sizes made with a growth dependent, most probable number procedure, were at least two orders of magnitude larger in medium containing low NO 2 − (50 μM) versus high (5 mM) NO 2 − concentrations (Both et al. 1990a,b; Both, Gerards and Laanbroek 1992; Laanbroek and Schotman 1991) . In addition, it has been shown in wastewater systems that incubations with either 50 μM or 1 mM NO 2 − can selectively enrich different Nitrospira clusters (Gruber-Dorninger et al. 2015) . Further studies are needed to determine which members of the soil NOB communities are responding to NO 2 − accumulation, and if this response occurs among different NOB subpopulations in a concentration-specific manner. In this study, evidence was obtained that the increase in NO 2 − -oxidizing capacity was protein synthesis dependent. Surprisingly, few studies have examined the role of NO 2 − concentration in the regulation of NO 2 − -oxidizing activity, even with pure cultures of NOB. For example, it has been known for many years that NO 2 − -oxidizing activity is repressed during heterotrophic growth of some Nitrobacter species in the absence of NO 2 − , which then recovers upon re-exposure to NO 2 − (Bock 1976; Steinmüller and Bock 1977) . More recently, it has been shown that the nxrB protein of N. defluvii can be detected even after 110 days of NO 2 − deprivation; yet, more nxrB is synthesized within 8 days of adding 300 μM NO 2 − to the culture (Lücker et al. 2010) .
Despite the protein synthesis-dependent increase in the NO 2 − -oxidizing capacity of the soils, their initial NO 2 − -oxidizing potentials were already 2.7-fold to 4.5-fold higher than the NH 3 -oxidizing potential activities (Table 1, Fig. 3) , and raises the question why is there a need to increase NO 2 − -oxidizing activity? (Ke et al. 2013) . Microdissection and modeling studies of soil aggregates have shown that there can be spatial associations between Nitrobacter and NH 3 oxidizers (Grundmann and Debouzie 2000) . Close physical association between NH 3 oxidizers and NOB is one potential explanation for lack of NO 2 − accumulation, and disassociation of the two might be a simple reason to explain uncoupling of NH 3 and NO 2 − oxidations. This concept can be extended to the possibility that some NOB might exist as 'orphans' and not be intimately associated with NH 3 oxidizers. As a consequence of NO 2 − starvation, the 'orphans' might be inactive and require protein synthesis to respond to the appearance of NO 2 − . In our study, utilizing the soil slurry method both exposes these 'orphans' to NO 2 − and reveals their additional NO 2 − -oxidizing potential.
Nitrite oxidizers in association with NH 3 oxidizers could be responsive to cell-cell signaling molecules. It is known that Nitrobacter winogradskyi adjusted expression of 12% of its genome in response to co-culturing with Nitrosomonas europaea (Pérez et al. 2015) , and 24% of its genes in response to exposure to NH 4 + (Sayavedra- . Studies have shown that acylhomoserine lactones (AHLs) are produced by Nitrobacter spp. and they might be involved in regulation of genes associated with starvation stress, NO 2 − reduction to nitric oxide and motility (Mellbye and Bottomley 2015; Mellbye et al. 2016) . In addition, a broad survey of AHL signaling in nitrifying bacteria demonstrated AHL production by soil AOB of the genus Nitrosospira and NOB belonging to lineage II of the genus Nitrospira (Mellbye et al. 2017) .
Environmental implications
Finally, our data should be discussed in context with environmental implications of NO 2 − accumulation in soils. In agreement with previous soil studies, we observed that accumulation of NO 2 − was transient, yet the reasons for NO 2 − accumulation and subsequent decline remain unclear (Shen, Ran and Cao 2003; Maharjan and Venterea 2013; Ma, Shan and Yan 2015; Venterea et al. 2015) . In some cases, NO 2 − decline coincides with a decline in the rate of NH 3 oxidation (Maharjan and Venterea 2013; Cai et al. 2016) . In other cases, the NO 2 − pool decreased even when NH 3 oxidation continued at a constant rate, demonstrating a response by soil NOB (Shen, Ran and Cao 2003; Venterea et al. 2015; Giguere et al. 2017) . Although NO 2 − accumulation is generally transient, it can persist for days (Venterea et al. 2015) or weeks (Maharjan and Venterea 2013) , and becomes vulnerable to conversion to NO x , N 2 O or HONO via bacterial or chemodenitrification (Poth and Focht 1985; Shaw et al. 2006; Santoro et al. 2011; Spott and Stange 2011; Maharjan and Venterea 2013; Oswald et al. 2013; Zhu et al. 2013; Kozlowski, Price and Stein 2014; Stieglmeier et al. 2014; Heil, Vereecken and Brüggemann 2016; Giguere et al. 2017 
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